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ABSTRACT

Selective adsorption of propylene from mixtures with propane over a lithium-exchanged zeolite 13X has
been studied.

Adsorption equilibrium of pure gases has been evaluated at three different temperatures by volumetric
and gravimetric methods. Propylene is adsorbed preferentially over propane, particularly at low pres-
sures. Adsorption equilibrium can be well described with the multi-site Langmuir and the Virial models.
At 1bar and 323K, the amount adsorbed of propylene is 2.5 mol/kg while the loading of propane is
2.0 mol/kg.

The dynamic behavior of the sample has also been evaluated on the bench scale in a fixed-bed for binary
breakthrough performance. Macropore adsorption controls the diffusion process within the extrudates
of the zeolite. The mathematical model could satisfactorily predict the behavior of the bed. The data
obtained in this work allows to model any adsorption-based process for propane/propylene separation,

like vacuum pressure swing adsorption and simulated moving bed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

One of the most energy intensive separation processes in
chemical industry is propane-propylene separation. These gases
are separated in a distillation tower (C3 splitter) running with
extremely low relative volatilities. Furthermore, propylene purity
higher than 99.5% is required to comply “polymer-grade” propy-
lene specifications. To achieve such high purities, the distillation
tower contains a large number of theoretical plates and is operated
with large reflux/feed ratios [1]. It is suggested in many reports
that more selective methods can be employed to reduce energetic
intensity of this separation [2-5]. In this context, in addition to
energy integration in the distillation process, adsorption has been
widely studied as one of the possible techniques since high selec-
tivity towards propylene may be achieved with the aid of porous
solids. In particular, vacuum pressure swing adsorption (VPSA) has
been suggested since it can be operated atrelatively high productiv-
ities reducing separation volume [6-21]. However, this application
of VPSA is not traditional: the most adsorbed gas should be purified
to extremely high purities. For this reason, different VPSA opera-
tion has been suggested (using a rinse step with propylene and not
using a purge step with propane). Furthermore, to comply with
99.5% purity, adsorbents with extremely high selectivity towards
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propylene are required to minimize recycling and thus power con-
sumption.

Since many researchers have faced this topic, there is a large
database for adsorption of propane and propylene over porous
solids. Among commercial adsorbents, all kind of zeolites, sil-
ica gel, activated carbons, etc. can be mentioned [22-33]. Other
inorganic silica-containing materials like DD3R, SBA-15 and MCM-
41 have also been tested as well as metal-organic frameworks
[16,34-38]. Finally, several materials modified with Ag* and
Cu* to promote m-complexation with C3Hg were also reported
[8,11,12,15,37,39,40].

In this work we report experimental data obtained with a Li-
exchanged zeolite 13X as a more selective adsorbent that allows
an improved design of a VPSA unit for propane/propene separa-
tion. It is initially expected that lithium cations interact strongly
with propylene increasing the selectivity towards this gas. Further-
more, we have compared volumetric and gravimetric adsorption
equilibrium data measured in two different laboratories. Bench
scale fixed-bed breakthrough curves demonstrate the separation
performance of binary streams of these gases.

2. Experimental
2.1. Adsorbent synthesis

All chemicals were obtained from Sigma-Aldrich and were used
without further purification.
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Table 1

Physical properties of the Li-modified zeolite 13X and column characteristics employed in the multicomponent breakthrough curves.
Column length [m] 0.85
Column radius [m] 0.0105
Column porosity, &:2 0.349/0.394
Adsorbent density, p, [kg/m3] 1192
Extrudate diameter [mm]® 1.18
Pellet void, &, 0.39
Macropore volume [cm?3/g] 0.39
Mean macropore size [m] 0.5
Mean zeolite crystallite diameter [m] 20

Solid heat capacity [J/kg K] 900

Wall density [kg/m?] 8238

Wall heat capacity [J/kgK] 500

Heat transfer coefficient [W/m? K] 80

Overall heat transfer coefficient [W/m? K] 23

C3Hg preexponential crystal diffusivity [m?/s]¢ 5.8x 1078
C3Hg diffusivity activation energy [J/mol]© 23.8

C3Hg preexponential crystal diffusivity [m?/s]¢ 1.4x10°8
CsHg diffusivity activation energy [J/mol]° 21.1

3 The two values of porosity refer to the two different layers of the column.

b Extrudates larger than 1.18 mm were employed at z<0.65 m while extrudates larger than 0.6 mm were employed from 0.65 m <z<0.85 m.

¢ Crystal diffusion parameters of zeolite 13X were employed in the simulations [27].

Scanning electron microscopy (SEM) was measured in a JEOL
JSM 6500F setup. A micrograph of the exchanged zeolite is shown in
Fig. 1. The crystalline structures were analyzed by X-ray diffraction
(XRD) using a Bruker-AXS D5005 with CuKo radiation. The samples
were digested in duplo in a mixture of 1% HF and 1.25% H,SO4
for elemental analysis that was carried out with a plasma optical
emission spectroscopy (ICP-OES) Perkin Elmer Optima 3000dv.

Preparation of the Li-modified zeolite 13X: 100 g of commercial
zeolite 13X 3.2 mm extrudates (Sigma-Aldrich, Product Number
334359) were ion exchanged three times for 24 h at 298 K with a
fresh solution 1 M of LiCl (11 of fresh solution each time). The anal-
ysis (ICP-OES) of the obtained sample after ion exchange revealed
a percentage of ion exchange of an 80%.

2.2. Adsorption equilibrium

A Micromeritics ASAP 2010 gas adsorption analyser (stainless
steel version) was used to measure the adsorption isotherms of
propane, and propylene on Li-13X at 323, 353 and 383K, in the
pressure range from 0.002 to 120kPa. The samples were main-
tained at these temperatures using either water (323 K) or oil baths
(353 and 383 K) around the sample cell. The instrument is equipped
with turbo-molecular vacuum pumps and three different pressure
transducers (0.13, 1.33 and 133 kPa) to enhance the sensitivity in
the different pressure ranges. The static—-volumetric technique was
used to determine the volume of the gas adsorbed at different par-
tial pressures: upon adsorption a pressure decrease was observed in
the gas phase, allowing direct calculation of the amount adsorbed.

Prior to the adsorption measurements the samples were slowly
degassed in situin vacuum for 16 h at 383 K followed by 6 hat 523 K.
The evacuation at 383 K allowed the adsorbed hydrocarbons and
water to escape from the sample cell at lower temperatures.

Gravimetric adsorption equilibrium experiments of pure
propane and propylene were performed in a magnetic suspen-
sion microbalance (Rubotherm, Germany). Measurements were

Fig. 1. SEM micrograph of the lithium-exchanged zeolite 13X.

performed with a mass of adsorbent of approximately 5g to
minimize errors of the measurements, which are already very
small (£0.00002 g). Pressure was monitored with a pressure trans-
ducer with a range from 0 to 700kPa (+0.14kPa). An initial
degassing of the sample was carried out under vacuum at 593K
overnight. Regeneration for different experiments was only per-
formed under vacuum (<107 bar) at the desired temperature.
Propane and propylene isotherms were measured at 323, 353 and
383 K. Reversibility of the isotherms was checked by measuring
some desorption points. Propylene N25 (purity higher than 99.5%)
and propane N35 (purity higher than 99.95%) supplied by Air Liq-
uide (France) were employed in the experiments.

2.3. Fixed-bed experiments

Binary breakthrough experiments were performed in a single-
column VPSA unit [43]. Before packing the column, the adsorbent
extrudates were ground. The particles with diameter larger than
1.18 mm were packed in the initial 0.65m of the column while
extrudates with diameters between 0.60 and 1.18 mm were packed
in the last portion of the column: from 0.65 to 0.85 m. The proper-
ties of the column and adsorbent used are described in Table 1. The
temperature in the centre of the column was measured with three
different K-type thermocouples (Omega, UK) at three different bed
heights (0.17, 0.42 and 0.67 m from feed inlet). Before the exper-
iments, the sample was degassed overnight under helium flow at
593 K. The complete set of experimental conditions of the experi-
ments is detailed in Table 2. The pressure in the column is controlled
by a backpressure controller (Bronkhorst, Netherlands). Propane,
propylene and helium are fed to the column through independent
mass flow controllers (Hastings, USA). The gas exiting the column
was mixed with a known amount of a tracer gas (ethane) to calcu-
late individual gas flowrates. During each experiment, samples of
the outlet stream were stored in the loops of a multi-port valve sys-
tem and afterwards analyzed by a gas chromatograph (Chrompack
CP9001, Netherlands) equipped with TCD and FID detectors (ther-
mal conductivity detector and flame ionization detector).

Table 2
Experimental conditions employed in the breakthrough experiments with Li-
modified zeolite 13X.

Run

1 2 3 4
Temperature [K] 353 353 353 353
Pressure [bar] 25 2.5 2.5 2.5
Flowrate [dm3(STP)/min] 1.40 2.11 1.18 1.14
C3Hg molar fraction 0.504 0.479 0.161 0.720
C3Hg molar fraction 0.000 0.521 0.839 0.280
He molar fraction 0.496 0.000 0.000 0.000
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3. Theoretical

Adsorption equilibrium of pure components was fitted to the
multi-site Langmuir model [41]. The multicomponent extension of
this model is:

aj
di 4di
=KP(1-) —— (1
Qmax,i ! ( Z Qmax,i> )

where g, is the maximum amount adsorbed and g; is the number
of sites occupied per molecule. The adsorption constant (K;) has an
exponential temperature dependence described by:

K; = K? exp ( RATZ{') (2)
where Ki0 is the adsorption constant at infinite temperature, R is the
universal gas constant and (—AHj) is the isosteric heat of adsorp-
tion, both for component i.

Pure gas isotherms were employed to determine these four con-
stants (qmax.i» i, Kl.0 and AH;) for each gas and then employ them
in the prediction of multicomponent adsorption equilibrium. The
saturation capacity of each component was imposed by the ther-
modynamic constraint a;qmax ; = constant.

Another flexible model employed to correlate the experimental
datais the Virial equation [18,19]. This model is thermodynamically
correct and has analytical expressions for prediction of multicom-
ponent behavior. The model is represented by:

P= %exp(Aq+Bq2+-~) (3)

In this equation, A and B are Virial coefficients, and H is the Henry
constant. The Henry constant is related to the solid temperature (Ts)
through the Van't Hoff equation:

AH )
RT;
where H, is the Henry constant at infinite temperature, (—AH) is
the heat of adsorption at zero coverage. The temperature depen-
dence of Virial coefficients is given by:
A] B]
B=B —
T o+ 7 (5)

Taqvi and LeVan [42] extended the Virial isotherm to multicom-

ponent adsorption in a predictive mode as follows:

s EXD ZAqu + ZzBljkq]qk (6)

j=1 k=1

H=H. exp( (4)

A=A+ —

with the mixing Virial coefficients (A; and By ) calculated by [42]:

A; + A;

== (7)
B; + B; + B

Bije = ———5—— (8)

The isotherm models employed in this work have a strong theo-
retical background [18,19,41] combined with a great flexibility for
fitting experimental data. Virial model was already employed in the
description of adsorption of gases on Li-modified adsorbents [52].
The Virial model has more parameters allowing a better description
of experimental data. The fitting of both models to experimental
datawas performed using MATLAB (The MathWorks, Inc.). The min-
imization routine employed finds the minimum of the objective
function using the Nelder-Mead Simplex Method of direct search.

The breakthrough curves were simulated using a mathematical
model comprising material, momentum and energy balances. The
following assumptions were made in order to derive the necessary
conservation equations [43]:

. Ideal gas behavior inside the column.

. No mass, heat or velocity variations in the radial direction.

. Axial dispersed plug flow.

. External mass and heat transfer resistances expressed with the
film model.

5. Bidisperse adsorbent particle: macropore and micropore mass
transfer resistances expressed with the linear driving force (LDF)
model.

. No temperature gradients inside each particle.

7. The column is packed with two layers of adsorbent: larger

cylinders with diameter larger than 1.18 mm (assumed as infi-

nite cylinders) followed by smaller cylinders with diameters
between 0.60 and 1.18 mm (considered as spheres). Inside each
layer, porosity is considered constant.

AW N =

)]

The mass balance for each component in the gas phase is given
by:

ac; 3 i\ A(uoG) aki o~
SCW_ ca (DaxCT ot - oz _(1 _EC)BI',‘/S—F](CI_CI)
(9)

where C; is the gas phase concentration, Dy is the axial dispersion
coefficient, ug is the superficial velocity, &. is the column poros-
ity, y; is the molar fraction, kg is the film mass transfer resistance,
Bi; =Rykg/(epDp,) is the Biot number and ¢; is the averaged concen-
tration in the macropores, all valid for component i, while C7 is the
total gas concentration and a’ is the pellet specific area.

We have assumed a LDF model for the mass transfer rate from
the gas phase to the macropores. In this work, two different layers
are placed in the column: an initial layer where extrudates can be
considered as cylinders followed by a second layer where cylinders
are shorter and can be approximated to spheres. The mass balances
for these two layers are:

<ql> _ 8DPJ 1 (
~ PR 1+5/Bj;

Ci—¢;) forz<0.65m

8” Bt

o 9(@) 15D, 1

Epo- ot +l0p ot =¢&p R% 1+5/Bl',‘(ciici)

forz > 0.65m

(10)

where D, is the pore diffusivity, Ry is the extrudate radius, pp is the
particle density, &p is the particle porosity and <qﬁ> is the extrudate
averaged adsorbed phase concentration.

The LDF equation for the crystals averaged over the entire extru-
dates is expressed by:

(@) 15D, _

T (ai — (@) (11)
where D, ; is the crystal diffusivity, r¢ is the crystal radius and g; is
the adsorbed phase concentration in the equilibrium state.

In the momentum balance we have considered that the pressure
drop and velocity change are related through the Ergun equation,
defined by:

P 150u(1 — ) 1.75(1 — &)pg

—_— = ug + Uuglu 12
% egdg 0 524, [ugl ug (12)

where Pis the total gas pressure, u is the gas viscosity, pg is the gas
density and d, is the particle diameter.
The energy balance in the gas phase is:

3 (. o, Ty ac
= (*azg) oCe,rCp 2 + EcRy Ty gT—(1—ec)ath( T,)
4h 3T,
_d—‘”f(Tg_TW) ecCgrCog > =0 (13)
wi
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Fig. 2. Adsorption equilibrium of propylene in Li-modified zeolite 13X measured by
volumetric and gravimetric techniques at 323 K (¢, ¢),353K(m, ®, O)and 383K (a,
A).Key: M represents volumetric while G means gravimetric. Solid lines correspond
to the multi-site Langmuir model and dotted lines are the Virial model.

with Tg, Ty and Ty, respectively as the gas, particle and wall temper-
atures; G, and G, as the gas molar specific heat at constant volume
and pressure respectively; Rg as the ideal gas constant; d; as the
wall internal diameter, A as the heat axial dispersion coefficient.
The film heat transfer coefficient between the gas phase and the
particle is represented by hy, while the film heat transfer coefficient
between the gas phase and the wall is represented by h,,.

As it is assumed that there are no temperature gradients inside
a particle, the solid phase energy balance for the column is given
by:

n

_ oT, aC
(1—ec) ppZQin,ads,i + PpCp,s Tf =(1- Ec)é‘pRngthT

i=1

n
aq;
+(1—ec)ppy (~AH) =L +(1 - ec)aphy(Tg — Tp) (14)
i=1
where pj is the bulk density of the bed, G, s is the solid specific heat
per unit sorbent mass and (— AH); is the isosteric heat of adsorption
of component i.

Finally, for the energy balance of the column wall energy
exchange with the gas phase inside the column and with the exter-
nal environment is considered:

aT,

prp,wT:V = awhw(Tg — Tw) — @y U(Tw — Teo) (15)
where T, is the external temperature, py is the wall density, Cp,w
is the wall specific heat per mass unit, U is the overall heat transfer
coefficient and ay and «,,¢ are defined by:
_ dwi Y _ 1

e(dyi+€)" " (dyi+€)In(dy; + e/dy)
where e is the wall thickness.

Note that in Egs. (9), (12)-(14) two different values of column
porosity were employed to describe the different layers in the col-
umn. These values are listed in Table 1.

This mathematical model has already been used in the simu-
lation of fixed-bed behavior and pressure swing adsorption (PSA)
for propane-propylene separation showing very good agreement
between predictions and experimental data [13,14,19]. All nec-
essary correlations to calculate mass and heat transfer constants

Qw

(16)
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Fig. 3. Adsorption equilibrium of propane in Li-modified zeolite 13X measured by
volumetric and gravimetric techniques at 323 K (4, ¢), 353 K(H, ®, O)and 383K (a).
Key: M represents volumetric while G means gravimetric. Solid lines correspond to
the multi-site Langmuir model and dotted lines are the Virial model.

are given elsewhere [43]. The simulations were performed with
gPROMS (PSE Enterprise, UK) using the orthogonal collocation on
finite elements as the numerical method. The number of elements
used was 70 with third order polynomials (two interior collocation
points).

4. Results and discussion
4.1. Adsorption equilibrium

In this work, adsorption equilibrium isotherms of pure propane
and propylene in the Li-exchanged zeolite 13X were determined
using two different methods: volumetric and gravimetric. Adsorp-
tion isotherms of propane and propylene for 323,353 and 383 K are
reported in Figs. 2 and 3, respectively. Propylene is more selectively
adsorbed than propane. This selectivity decreases with pressure;
at low coverage, propylene is much more adsorbed than propane,
demonstrating the high affinity of this adsorbent. At 1bar and
323K, the amount of propylene adsorbed was 2.5 mol/kg while
the loading of propane was 2.0 mol/kg. Also, every isotherm has
a considerable steepness that may result in important tempera-

1.0 T T T T T T a4
AAA““.l
Propylene“Azzg:..ooooo
A:o°'
© * ‘AAAAA‘A"A‘A
X AA‘ .....
& A o0 ®°®
=2 A s ® ® Propane
o o
I .
©
£
<]
z
A Na FauX
e LiFax
T T T T
0.1 0.2 0.3 0.4 0.5

Partial Pressure, bar

Fig.4. Comparison between the adsorption isotherms of propane and propylene at
323K for the same zeolite 13X (faujasite) extrudates before and after ion exchange
with Li (Na and Li forms).
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Table 3
Fitting parameters of multi-site Langmuir and Virial models for propane and propy-
lene adsorption on Li-modified zeolite 13X at 323, 353 and 383 K.

Multi-site Langmuir CsHg CsHg

Gmaxi [mol/kg] 3.3179 3.0413

K9 [mol/kg bar] 2.79 x 108 2.00 x 108
—AH [J/mol] 61454 58400

a; 4.1249 4.500
Virial C3 H5 C3H8

K., [mol/kgbar] 322x10°8 1.15x 107>
—AH [J/mol] 63761 39509

Ao [kg/mol] ~3.1569 ~1.3669
A; [kgK/mol] 1104.81 24441

Bo [kg/mol]? 2.9628 5.4968

B1 [kg K/mol] ~705.92 ~1476.76

ture oscillations in VPSA operation; in the adsorption step, a large
amount of heat is released reducing the bed capacity while in the
blowdown/purge steps heat is consumed in propylene desorption
lowering the temperature and increasing equilibrium and mass
transfer difficulties. Fig. 4 compares the normalized isotherms of
this sample with those for the Na-form of faujasite, zeolite 13X
(extrudates before ion exchange) [27-33]. Propylene loading on
Li-FAU at low pressure is quite similar to Na-FAU with a slightly
smaller loading at higher pressures (4% at 0.5 bar). For propane, the
loading on Li-FAU at low pressure is quite smaller than on Na-FAU
(60% at 0.025 bar) with also a reduced loading at higher pressures

@ o
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[ ]
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[
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[
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== ] A
5 ."#;ﬂ‘ BT=353K M
';12‘“ AT=323KM
% ot AT=323KG -
OT=353K,G
-7 ®T=353K{2),G -
©T=383K G
8 :
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0 0.5 1 15 2 25
q [mol/kgl

Fig. 5. Virial plots of propylene (a) and propane (b) for adsorption equilibrium on
Li-modified zeolite 13X. Data was measured at 323K (¢, ¢), 353K (m, ®, O) and
383K (a, A). Key: M represents volumetric while G means gravimetric. Solid lines
correspond to the multi-site Langmuir model and dotted lines are the Virial model.

(10% at 0.5 bar). With these loadings the propylene selectivity of
Li-FAU is higher, especially at lower pressure.

An important result is that both methods, gravimetric and vol-
umetric, tested in different laboratories yielded similar results.
Additionally, with the gravimetric method, the adsorption equilib-
rium of two different portions of the same adsorbent was compared
at 353 K. Deviations smaller than 10% occur with more important
differences in the case of propane.

The solid lines in Figs. 2 and 3 correspond to the fitting using
the multi-site Langmuir model, while the dotted lines correspond
to the fitting of the Virial model. The estimated parameter values of
both models are listed in Table 3. In both models, the heat of adsorp-
tion of propylene is quite similar and high. However, there are large
differences in the value of the heat of adsorption of propane; much
higher in the case of the multi-site Langmuir model than in the
Virial equation. Since the isotherms are quite steep, and therefore
the Henry zone pressure ranges of the isotherm are limited, it is very
difficult to determine the behavior of the material at low pressures.
For this reason, a closer analysis of the fitting at low pressures is
necessary. This can be done in a Virial plot, as shown in Fig. 5. The
multi-site Langmuir model cannot describe the low pressure data
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2 #
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o
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: ;
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355 1
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Fig. 6. Breakthrough curve of propylene in a mixture with helium in a fixed-bed
filled with Li-modified zeolite 13X. Temperature: 353K, pressure: 2.5bar, C3Hg
molar fraction: 0.50; feed flowrate: 1.01 SLPM (296 K, 1 bar). Solid lines correspond
to the simulation using the adsorption equilibrium described by the multi-site Lang-
muir model while dotted lines represent the Virial model. (a) Exit molar flowrate
and (b) temperature measured at three different positions along the column.
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Fig. 7. Breakthrough curves of propylene/propane mixture in a fixed-bed filled
with Li-modified zeolite 13X. Operating conditions of run 2 in Table 2. Solid lines
correspond to the simulation using the adsorption equilibrium described by the
multi-site Langmuir model while dotted lines represent the Virial model. (a) Exit
molar flowrate and (b) temperature measured at three different positions along the
column.

with enough accuracy. The fitting of the multi-site Langmuir model
for propane isotherms is quite poor at low pressures: there are large
deviations in all temperatures, reason why larger heats of adsorp-
tion are estimated. These large deviations may result in serious
errors in the prediction of multicomponent adsorption equilibrium
[44]. The errors of the prediction of adsorption equilibrium using
the Virial model are significantly reduced at low pressures. How-
ever, it must be pointed out that this is in part due to the fact that
more parameters are used to correlate the experimental data.

4.2. Breakthrough experiments

Adsorption processes are intrinsically transient. Selective
adsorption of propylene takes place in the feed step, concentrat-
ing this gas in the column. To obtain high-purity propylene, this
gas should be concentrated (normally by rinsing with pure propy-
lene) and then recovered in regeneration steps (blowdown). At the
same time, when the most adsorbed gas is removed, the column is
partially regenerated to be prepared for the next cycle. To model
and design an adsorption process, understanding how the mixture
is separated in one column is essential. This is normally performed
by analysis of breakthrough curves of the multicomponent mix-
ture. Another important consideration is that in the VPSA cycles,
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Fig. 8. Breakthrough curves of propylene/propane mixture in a fixed-bed filled
with Li-modified zeolite 13X. Operating conditions of run 3 in Table 2. Solid lines
correspond to the simulation using the adsorption equilibrium described by the
multi-site Langmuir model while dotted lines represent the Virial model. (a) Exit
molar flowrate and (b) temperature measured at three different positions along the
column.

the column contains very different concentrations of the gases. For
this reason, it is important to perform several experiments to be
sure that the mathematical model is able to predict the behavior of
the mixture in a wide range of concentrations.

The first experiment performed was using a mixture of helium
and propylene. Operating conditions of all experiments are detailed
in Table 2. This first experiment contains only one adsorbate gas
and helium that is considered as an inert and non-adsorbing gas.
The main objective of this experiment is to confirm the capacity
of the adsorbent that was determined by independent techniques
(gravimetric and volumetric). Additionally, the coefficient of heat
transfer from the extrudates to the wall (hy ) can be estimated. A
unique value was obtained from this experiment and used in all
other experiments. The results of this experiment are shown in Fig.
6 together with the temperature measured at the three different
positions inside the column. The temperature peak in the last sec-
tion of the column is the highest. This higher peak is caused by the
smaller particles in the last section of the column (0.65-0.85 m)
for which the internal diffusion process is much faster. Since more
gas is adsorbed per unit of time, more heat is generated and the
temperature of the column is increased. This is important evidence
that the diffusion of both gases is controlled within the macrop-
ores of the adsorbent, since the crystallites of the zeolite are of the



C.A. Grande et al. / Chemical Engineering Journal 160 (2010) 207-214 213

Molar flowrate [mmol/s]

0 500 1000 1500
Time [seconds]

380
mz=017m
¢z=042m
ez=067m

375 1

370 1

365

360 1

Temperature [K]

355 1

350

345 T T
0 500 1000 1500

Time [seconds]

Fig. 9. Breakthrough curve of propylene+propane in a fixed-bed filled with Li-
modified zeolite 13X. Operating conditions of run 4 in Table 2. Solid lines correspond
to the simulation using the adsorption equilibrium described by the multi-site Lang-
muir model while dotted lines represent the Virial model. (a) Exit molar flowrate
and (b) temperature measured at three different positions along the column.

same size in both cases. This result is in agreement with previ-
ous results obtained in zeolite 13X where macropore control was
reported [27-33].

In Figs. 7-9 we report results obtained with three different mix-
tures of propane-propylene (experimental conditions are reported
in Table 2). The solid lines correspond to the prediction of the
mathematical model using the multi-site Langmuir isotherm while
dotted lines correspond to the prediction based on the Virial
isotherm. Despite the large deviations of the prediction of propane
adsorption at low pressures, the multi-site Langmuir model can
predict the behavior of the column with acceptable accuracy. The
same accuracy is also found when the Virial model is employed.
In all the experiments it was not possible to accurately describe
the thermal behavior of the bed, particularly in the last portion of
the column. However, the trends are well predicted by the model.
In all breakthrough curves two consecutive temperature peaks
are observed, corresponding to adsorption of propane followed by
adsorption of propylene. These separate more from each other at
low propylene concentrations.

The experimental data reported in this paper provide enough
information to design and model adsorption processes such as vac-
uum pressure swing adsorption [45-48]. However, the steepness
of the isotherms at partial pressures below 1 bar is quite high and
may lead to a large power consumption of the process: blowdown
should be carried out at very low pressures to remove sufficient

amounts of propylene. Furthermore, the selectivity is not extremely
high and thus an intense rinse with purified propylene should be
carried out. The final conditions will result from a trade-off between
required propylene purity and acceptable recovery. Nevertheless,
a two-scheme VPSA processes in series can solve the problem [49]:
the first VPSA process produce high-purity propylene and the sec-
ond one enhances the overall recovery of the system.

An alternative adsorption-based process where this adsorbent
can be employed is the simulated moving bed technology [50]. The
gas phase separation of propane-propylene mixtures has already
been simulated using zeolite 13X data [50] and similar results will
be obtained with this adsorbent, since the equilibrium isotherms
are quite similar and diffusion within porous structure is quite fast.
The additional advantage of this adsorbent for SMB process is the
higher ratio of Henry constants which will result in higher process
productivity.

In terms of application, this adsorbent would be a very good can-
didate to remove either propane or/and propylene from air. Both
propane and propylene are considered as volatile organic com-
pounds (VOCs)and may be present in several locations reducing the
air quality for humans [51]. This adsorbent presents several advan-
tages over zeolite 13X: at lower temperatures it can remove more
gas (either propane or propylene) and can be easily regenerated in
athermal swing adsorption (TSA) operation at lower temperatures.
These two reasons would make the overall process more compact
and more “environment friendly” because it consumes less energy.

5. Conclusions

Lithium modified zeolite 13X (Li-13X) sorbent was synthesized
and characterized. Its adsorption properties for the separation
of propane and propylene were evaluated in the temperature
range from 323 to 383 K. Adsorption properties were determined
by volumetric and gravimetric methods yielding similar results.
Adsorption equilibrium isotherms indicate that propylene is pref-
erentially adsorbed over propane, particularly at low coverages. At
1bar and 323K, the amount of propylene adsorbed is 2.5 mol/kg
while the loading of propane was 2.0 mol/kg. The difference in load-
ing between both gases is larger for Li-FAU than zeolite for 13X
(Na-FAU). The isotherms of both gases are quite steep and heat of
adsorption is higher than in commercial zeolite 13X. Binary break-
through curves with different C3 compositions were also evaluated.
The separation zone increases when the molar fraction of propy-
lene decreases. Due to the isotherm steepness and to the large heat
of adsorption, this adsorbent will not be suitable for VPSA appli-
cations but might result attractive for TSA applications. In view of
the fast adsorption kinetics of both gases and the acceptable capac-
ity, this adsorbent might be also employed in Simulated Moving
Bed (SMB) technology for C3 separation. An alternative application
would be the removal of traces propane or/and propylene from air;
higher loading at low temperatures and faster regeneration make
this adsorbent more suitable than commercial 13X zeolite.
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